Cadmium (Cd), an industrial and environmental pollutant, preferentially accumulates in the kidney, a major target for Cd-related toxicity. It has been reported that Cd exposure produces reactive oxygen species (ROS) and induces cytotoxicity. Extracellular-superoxide dismutase (EC-SOD) is an antioxidant enzyme that protects the cells from damaging effects of ROS; however, the effect of Cd on the expression of EC-SOD in COS7 cells remains unclear. In this study, exposure to cadmium chloride (CdCl 2 ) enhanced intracellular ROS generation and induced COS7 cell death. Moreover, exposure to Cd decreased the expression of EC-SOD at mRNA and protein levels, but not of other SOD isozymes, copper-and zinc-containing SOD and manganese-containing SOD. The reduction of EC-SOD and cell viability was partially attenuated by pretreatment with an antioxidant, Nacetylcysteine. Further, we determined the involvement of p38-mitogen-activated protein kinase (p38-MAPK) in the reduction of EC-SOD. From these observations, p38-MAPK signaling cascades activated by ROS play a pivotal role in the reduction of EC-SOD, and it is concluded that the reduction of EC-SOD leads to a decrease in the resistance to oxidative stress of Cd-exposed COS7 cells.
Cadmium (Cd) is an industrial and environmental pollutant. 1) When human and other mammals are exposed to Cd, this heavy metal accumulates in many tissues, mainly the liver and kidney. 2) In particular, the highest concentrations are observed in the renal proximal tubule epithelial cells, which is considered as a major target for Cd-related cytotoxicity.
3) It is well recognized that Cd-related cytotoxicity is closely associated with the generation of reactive oxygen species (ROS). 4) Moreover, it has been reported that exposure to Cd induced endoplasmic reticulum (ER) stress through the accumulation of ROS. 5, 6) Under ER stress conditions, cells trigger a set of pathways known as the unfolded protein response (UPR), which is mediated by the up-regulation of chaperones such as glucose-regulated protein 78 kDa (GRP78), GRP94 and oxygen-regulated protein 150 kDa. 6, 7) On the other hand, pro-apoptotic pathways are also activated, and mediated by the induction of CCAAT/enhancer-binding protein homologous protein (CHOP) and the activation of caspase-12 (in rodents) and caspase-4 (in humans) 8, 9) ; therefore, it is considered that both ROS and ER stress cause Cdrelated cytotoxicity in the kidney.
To protect the cells from the damaging effects of ROS, mammalians have several anti-oxidative enzymes, such as superoxide dismutase (SOD), catalase and glutathione peroxidase (GSH-Px). 10, 11) SOD is a major antioxidant enzyme that protects cells from the damaging effects of superoxide by accelerating the dismutation reaction of superoxide by approximately 10000 times. 12) SODs work in conjunction with catalase and GSH-Px to diminish the harmful effects of ROS. There are three SOD isozymes in mammals, copper-and zinc-containing SOD (Cu, Zn-SOD), manganese-containing SOD (Mn-SOD), and extracellular-SOD (EC-SOD).
13) EC-SOD is a secretory, tetrameric glycoprotein, 14) whereas Cu, Zn-SOD and Mn-SOD are intracellular enzymes found predominantly in the cytoplasm and mitochondria, respectively. EC-SOD is found in most tissues, but higher amounts of EC-SOD are present in vascular tissue, while EC-SOD is only present in small amounts in the liver, brain and heart compared with Cu, Zn-SOD and Mn-SOD. [15] [16] [17] EC-SOD is the only isozyme of SOD that is expressed extracellularly, binding to tissues via its heparin-binding domain to give affinity to heparan sulfate proteoglycans on the cell surface, in basal membranes and in the extracellular matrix. 14, 18) The presence of EC-SOD on the vascular wall might have an important protective effect against the ROS generated in the vascular system.
Recently, it has been reported that Cd exposure decreased the activity of GSH-Px in piglet Sertoli cells and hepatocytes through the p38-MAPK pathway. 19) Further, we have reported that hypoxia (1% O 2 ) and hypoxia mimetic, cobalt chloride (CoCl 2 ), decreased the expression of EC-SOD through intracellular ROS generation and mitogen-activated protein kinase (MAPK) activation in green monkey renal tubule epithelial cells (COS7 cells) 20) ; however, the regulation of EC-SOD by Cd exposure remains unclear. In order to address these issues, we investigated the effect of CdCl 2 exposure on the expression of SODs in COS7 cells. We found that Cd exposure induced cytotoxicity and ER stress, and decreased the expression of EC-SOD mRNA and protein in a dose-and time-dependent manner. Moreover, we determined the involvement of intracellular ROS accumulation and p38-MAPK in the reduction of EC-SOD. From our observations, we considered that p38-MAPK plays a critical role in the regulation of EC-SOD in COS7 cells stimulated by Cd exposure. Further, it is speculated that the regulation of EC-SOD may contribute to the control of Cd-triggered kidney cytotoxicity. 
MATERIALS AND METHODS

COS7
Cell Culture COS7 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 100 units/ml penicillin and 100 mg/ml streptomycin. The cells were kept in an atmosphere of 5% CO 2 /95% air at 37°C. The cells were grown to confluence in a 6-or 10-cm culture dish or a 96-well microplate and then the medium was replaced with DMEM supplemented with 0.5% calf serum (CS) and antibiotics 12 h before exposure to the test reagents. The conditioned medium was collected at the time indicated for the assay of EC-SOD concentration and the cells were washed with icecold phosphate-buffered saline (PBS) and then used for the mRNA assay, measurement of cell viability or intracellular ROS and Western blotting.
Measurement of Cell Viability A 3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to estimate the cytotoxicity of CdCl 2 . Following treatment of the COS7 cells in a 96-well microplate with CdCl 2 , the culture medium was aspirated and the cells were added to 100 ml of 10% FCS-DMEM containing MTT (CHEMICON Int., Inc., Temecula, CA, U.S.A.) and were then incubated for 3 h at 37°C in a humidified atmosphere of 5% CO 2 /95% air. After incubation, the cells were added to 100 ml isopropanol containing 0.04 N HCl and were then mixed thoroughly to dissolve the MTT formazan. Finally, the MTT formazen formed was measured at 595 nm with a reference wavelength of 655 nm.
Measurement of Intracellular ROS After the COS7 cells had been treated, the medium was aspirated and the cells were washed twice with ice-cold PBS and incubated with fresh culture medium without serum containing 10 mM 2Ј,7Ј-dichlorofluorescin diacetate (H 2 DCFDA) for 20 min at 37°C in 5% CO 2 /95% air. At the end of the treatment, cells were washed twice with ice-cold PBS. The cells were visualized under an HS All In One fluorescence microscope BZ-9000 (KEYENCE, Osaka, Japan).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis The preparation of the cDNA and the RT-PCR were performed using TRIzol ® reagent (Invitrogen, Carlsbad, CA, U.S.A.) by the methods described in our previous report. 20) The primer sequences used in this study were as follows: EC-SOD, sense 5Ј-AGA AAG CTC TCT TGG AGG AG-3Ј; antisense 5Ј-ACC GCG AAG TTG CCG AAG TC-3Ј (496 base pair (bp)): Cu, Zn-SOD, sense 5Ј-GCG ACG AAG GCC GTG TGC GTG-3Ј; antisense 5Ј-TGT GCG GCC AAT GAT GCA ATG-3Ј (351 bp): Mn-SOD, sense 5Ј-CGA CCT GCC CTA CGA CTA CGG-3Ј; antisense 5Ј-CAA GCC AAC CCC AAC CTG AGC-3Ј (365 bp): GRP78, sense 5Ј-TTT CTG CAT GGT TCT CAC T-3Ј; antisense 5Ј-CCC AGA TGA GTA TCT CCA TT-3Ј (328 bp): CHOP, sense 5Ј-CCT TCC AGT GTG TGG GAC TT-3Ј; antisense 5Ј-GTG TGT TTT CCT TTT GCC GT-3Ј (259 bp): glyceraldehyde-3-phosphate dehydrogenase (GAPDH), sense 5Ј-ACC ACA GTC CAT GCC ATC AC-3Ј; antisense 5Ј-TCC ACC ACC CTG TTG CTG TA-3Ј (452 bp). These PCR products were loaded onto a 2% (w/v) agarose gel for electrophoresis, and densitometric analysis of the PCR products was performed with Multi Gauge V3.0 (Fuji Film, Tokyo, Japan).
Enzyme-Linked Immunosorbent Assay (ELISA) of EC-SOD
The EC-SOD concentration in the conditioned medium was determined by ELISA, as described in our previous report, 21) with minor modifications. Briefly, 0.2 mg/ml sodium azide was added to washing buffer and blocking buffer instead of 0.5 mg/ml merthiolate. We confirmed previously using another cell line that EC-SOD concentration is closely correlated with SOD activity. 22) Western Blotting Whole cell extracts were prepared in lysis buffer (20 mM Tris-HCl, pH 7.4, containing 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol bis(2-aminoethylether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA), 10 mM NaF, 1 mM Na 3 VO 4 , 20 mM b-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol (DTT), 2 mg/ml leupeptin, and 1% Triton X-100). After centrifugation, the protein concentration of extracts was estimated with a Bio-Rad protein assay reagent (Bio-Rad Lab. Inc., Hercules, CA, U.S.A.). Extracts containing 20 mg protein were boiled with sample buffer (62.5 mM Tris-HCl, pH 6.8, containing 2% sodium dodecylsulfate (SDS), 10% glycerol, 50 mM DTT, and 0.01% bromophenol blue) for 5 min and separated by SDS-polyacrylamide gel electrophoresis (PAGE) on 10 or 12% (w/v) polyacrylamide gels. After being transferred electrophoretically onto polyvinylidene difluoride (PVDF) membranes, nonspecific binding sites were blocked with PBS containing 1% bovine serum albumin (BSA). Subsequently, the membranes were incubated with the respective specific primary antibodies (1 : 1000). After the membranes had been washed three times with PBST (PBS containing 0.1% Tween 20), the blots were incubated with biotin-conjugated goat anti-rabbit or -mouse antibody (1 : 1,000). After the membranes had been washed three times with PBST, the blots were incubated with ABC reagents (Vector Laboratories, Inc., Burlingame, CA, U.S.A.) (1 : 5000). After the membranes had been washed with PBST three times, the bands were detected using SuperSignal ® West Pico (Thermo Scientific, Rockford, IL, U.S.A.) and imaging using an LAS-3000 UV mini (Fuji Film, Tokyo, Japan).
Statistical Analysis Data are expressed as the meansϮ S.D. of three independent experiments. Statistical evaluation of the data was performed using ANOVA followed by posthoc Bonferroni tests. A p-value less than 0.05 was considered significant. 2 In order to elucidate the cytotoxicity of CdCl 2 , we first measured the viability of COS7 cells exposed to various concentrations of CdCl 2 for various times. As shown in Fig. 1A , the viability was not affected by CdCl 2 treatment below 10 mM, but at a high concentration (20 mM), the viability was markedly decreased. In the time-course experiment, the viability was only decreased at 24 h (Fig. 1B) . From these observations, we determined 20 mM CdCl 2 for 24 h for use in this study. It has been recognized that Cd-triggered cytotoxicity is related to the induction of ER stress and the accumulation of ROS. 23, 24) From these findings, we next investigated the mRNA expression of ER stress markers, such as GRP78 and CHOP, and the gener-ation of intracellular ROS after CdCl 2 exposure. Exposure to CdCl 2 increased the expression of GRP78 and CHOP in a dose-dependent manner (Fig. 1C) . Moreover, we observed a time-dependent increase of these genes (data not shown). In the generation of ROS, exposure to CdCl 2 significantly increased the accumulation of intracellular ROS in a CdCl 2 dose-and time-dependent manner (Fig. 1D) .
RESULTS
Induction of Cell Death, ER Stress and ROS Generation in COS7 Cells Exposed to CdCl
Effect of CdCl 2 on the Expression of SODs in COS7 Cells
It has been reported that Cd negatively regulates several anti-oxidative enzymes, including catalase and GSH-Px in piglet Sertoli cells and hepatocytes 19) ; however, the regulation of SODs by Cd exposure is still unknown. Exposure to CdCl 2 significantly decreased the expression of EC-SOD in a dose-dependent manner (Fig. 2A) ; however, the expression of Cu, Zn-SOD and Mn-SOD was not affected under our experimental conditions. In the time-course experiment, the expression of EC-SOD was not affected for up to 12 h, but significantly decreased at 24 h after CdCl 2 exposure (Fig. 2B) . Further, we also observed a reduction of EC-SOD at the protein level (Fig. 2C) .
Involvement of ROS in the CdCl 2 -Triggered EC-SOD Reduction in COS7 Cells
It is well recognized that Cdtriggered cytotoxicity is closely related to the excess production of ROS. 24) According to previous reports, we investigated the inhibitory effect of an antioxidant, N-acetylcysteine (NAC), on the generation of ROS and the reduction of EC-SOD. Pretreatment with NAC significantly blocked CdCl 2 -triggered ROS generation (Fig. 3A) . Further, the reduction of cell viability and EC-SOD expression was partially but significantly suppressed by pretreatment with NAC (Figs. 3B, C), suggesting that accumulated ROS is a key regulator of the reduction of EC-SOD.
Involvement of MAPK in CdCl 2 -Triggered EC-SOD Reduction Our previous reports showed that MAPK is associated with the regulation of EC-SOD in many kinds of cells. 20, [25] [26] [27] Since Cd is known to activate MAPK through intracellular ROS generation, we investigated the involvement of MAPK in the reduction of EC-SOD in COS7 cells. As shown in Fig. 4A , exposure to CdCl 2 induced the activation of three types of MAPK. Moreover, pretreatment with NAC significantly suppressed the phosphorylation of MAPK and the induction of CHOP, indicating that ROS play a pivotal role in these processes (Fig. 4B) . To determine which MAPK is related to EC-SOD reduction, we next investigated the effects of SB203580, a p38 inhibitor, and SP600125, a c-jun N-terminal kinase (JNK) inhibitor, U0126, an extracellular-regulated protein kinase (ERK) inhibitor, on the reduction of EC-SOD. Pretreatment with SB203580 significantly suppressed CdCl 2 -induced reduction of EC-SOD, but other inhibitors had no effects on that reaction (Fig. 4C) .
DISCUSSION
There is growing interest in the potential role of Cd, a heavy metal distributed in rice, water and tobacco, as they relate to apoptosis in liver and kidney tissues. [1] [2] [3] It has been well recognized that Cd-related cytotoxicity is closely associated with oxidative stress, which is induced by the generation of ROS and the disturbance of anti-oxidative enzymes, such as catalase and GSH-Px 19) ; however, the effect of Cd exposure on the expression of EC-SOD and other SODs has not been elucidated. In this study, we demonstrate for the first time that EC-SOD was decreased by CdCl 2 exposure through intracellular ROS accumulation and the p38-MAPK pathway in COS7 cells.
Accumulative evidence suggests that both oxidative stress and ER stress play a crucial role in Cd-related renal cytotoxicity. [4] [5] [6] In this study, exposure to CdCl 2 induced COS7 cytotoxicity (Figs. 1A, B) and intracellular ROS generation (Fig.  1D ) in a CdCl 2 dose-and time-dependent manner. Moreover, we observed the induction of ER stress markers, such as GRP78 and CHOP (Fig. 1C) . On the other hand, it is well known that exposure to Cd induces the expression of metallothionein (MT), which binds to Cd and excretes this metal out of the body. 28) In the present study, exposure to CdCl 2 induced the expression of MT (data not shown). From these observations, it is speculated that the induction of cell death and ER stress are derived from Cd-related signal cascades.
EC-SOD is a major SOD isozyme in the vascular system, and the presence of a high level of EC-SOD throughout the vessel walls might have an important protective role as an anti-inflammatory and anti-arteriosclerosis factor against superoxide and inflammatory cytokines in the vascular system. 29) Since EC-SOD is known to be expressed in renal tubular cells 18) and glomerular mesangial cells, 30) it is important to elucidate the regulation of EC-SOD expression to protect the cells from Cd-related cytotoxicity. The present study showed that exposure to CdCl 2 decreased the expression of EC-SOD at mRNA and protein levels, whereas other SOD isozymes, such as Cu, Zn-SOD and Mn-SOD, were not affected (Fig. 2) . Our results show that only EC-SOD expression among SOD isozymes was changed in COS7 cells exposed to CdCl 2 .
It has been recognized that ROS signaling plays an important role in the maintenance of redox homeostasis. In fact, we and others have previously reported that intracellular ROS is involved in the reduction of EC-SOD 20, 27) or the induction of heme oxygenase-1 31) in several kinds of cells. According to previous reports, we investigated the involvement of intracellular ROS in the reduction of EC-SOD by using an anti-oxidant, NAC. Pretreatment with NAC significantly suppressed intracellular ROS accumulation and the reduction of cell viability (Figs. 3A, B) , suggesting that intracellular ROS signaling plays a crucial role in CdCl 2 -triggered cytotoxicity. Pretreatment with NAC moderately but significantly attenuated the reduction of EC-SOD (Fig. 3C) ; however, because the inhibitory effect of NAC on the reduction of EC-SOD was partial, we speculated that other mediators might also be involved in that process.
In mammalians, there are three types of MAPK, p38-MAPK, JNK and ERK, which induce cell death, differentia- tion and proliferation. 32, 33) Further, it has been reported that exposure to Cd activates all of these kinases in retinal pigment epithelial cells. 34) Similar to previous reports, we determined the activation of all types of MAPK after CdCl 2 exposure (Fig. 4A) . Moreover, the present study showed the involvement of intracellular ROS in the activation of MAPK and the induction of an ER stress marker, CHOP (Fig. 4B) . Interestingly, we detected that pretreatment with SB203580, an inhibitor of p38-MAPK, suppressed the reduction of EC-SOD, but other inhibitors, SP600125 and U0126, did not affect the reduction (Fig. 4C) . These results indicate that p38-MAPK plays an important role in the reduction of EC-SOD in COS7 cells exposed to CdCl 2 . However, in this study, we could not determine the details that the reduction of EC-SOD is regulated by p38-MAPK. It has been reported that the activation of MAPK induces the activation of transcriptional factor, krüppel like-factor, which acts as a transcriptional repressor of EC-SOD. 35, 36) From these observations, we speculated that the reduction of EC-SOD might be not directly regulated by p38-MAPK, but, in part, by the activation and/or inactivation of transcriptional factors.
In this study, we showed for the first time that exposure to CdCl 2 decreased only EC-SOD expression through ROS and p38-MAPK. It is now considered that oxidative stress leads to many diseases, including asthma, diabetes and atherosclerosis. 37, 38) From our observations, it is speculated that the prevention of EC-SOD reduction similar to other antioxidative enzymes contributes to the control of redox homeostasis and suppresses Cd-related cytotoxicity in the kidney.
